A genetic determinant related to that encoding the F41 fimbrial adhesin was cloned from a bovine septicemic isolate of Escherichia coli. This determinant was found to mediate expression of morphologically distinct fimbriae in E. coli HB101. The gene encoding the fimbrial subunit protein was identified, and the nucleotide sequence was determined. Homology Fimbrial adhesins are known to be important virulence factors expressed by a variety of bacterial pathogens, enabling them to adhere to specific host tissues. Among Escherichia coli strains in particular, a number of distinct fimbrial adhesins have been identified (20, 26) . The F41 and K88 adhesins are associated with animal isolates of enterotoxigenic E. coli. Strains expressing the F41 adhesin are pathogenic for cattle, swine, and lambs, whereas K88-expressing strains are primarily pathogens of swine (20). Expression of either of these adhesins promotes adherence to epithelial cells of the small intestine in the infected host (21).
Fimbrial adhesins are known to be important virulence factors expressed by a variety of bacterial pathogens, enabling them to adhere to specific host tissues. Among Escherichia coli strains in particular, a number of distinct fimbrial adhesins have been identified (20, 26) . The F41 and K88 adhesins are associated with animal isolates of enterotoxigenic E. coli. Strains expressing the F41 adhesin are pathogenic for cattle, swine, and lambs, whereas K88-expressing strains are primarily pathogens of swine (20) . Expression of either of these adhesins promotes adherence to epithelial cells of the small intestine in the infected host (21) .
A significant degree of homology exists between the genetic determinants encoding the F41 and K88 adhesins, extending throughout the regions encoding accessory proteins involved in adhesin biogenesis but not including the fimbrial subunit genes themselves (1) . Plasmid-encoded sequences homologous to the F41 and K88 determinants have also been identified among isolates of bovine septicemic E. coli (4, 22) . These isolates, however, do not express the F41 or K88 antigen, nor do they hybridize to DNA probes specific for the F41 or K88 fimbrial subunit gene (4) . In the present study, we examined the possibility that F41-K88-related sequences detected in bovine septicemic E. coli were involved in the expression of a novel type of fimbrial adhesin.
We describe here the cloning of an F41-K88-related genetic determinant from an isolate of bovine septicemic E. coli, report the identification and nucleotide sequence of the fimbrial subunit gene associated with this determinant, and demonstrate its role in mediating bacterial adherence to epithelial cells. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains and culture conditions. E. coli 424 (040: K+:H27) was isolated from a septic calf and was obtained from the collection of E. coli strains maintained at the National Animal Disease Center. This strain produces a fatal septicemia in experimentally infected newborn piglets (4) . E. coli 31A is the reference strain for the fimbrial antigen CS31A described by Girardeau et al. (11) and was provided by Michel Contrepois, Laboratoire de Microbiologie, Institut National de la Recherche Agronomique, Ceyrat, France. E. coli DH5a (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) and HB101 (3) were used as host strains for plasmid constructs, and strain GW5180 (18) was used as a host for bacteriophage M13 derivatives used in nucleotide sequence analysis. Bacteria were routinely grown in L broth or on L-agar plates (19) at 37°C unless otherwise indicated. Bacteria harboring derivatives of the plasmid vector pUC18 (33) were grown in the presence of ampicillin (100 ,ug/ml).
Cloning procedures. Genomic DNA was isolated from E. coli 424, partially digested with restriction enzyme Sau3A, and fractionated by preparative agarose gel electrophoresis. DNA fragments in the size range of 8 to 12 kb were isolated, ligated into BamHI-digested pUC18, and used to transform E. coli DH5a. Transformants were screened by colony blot hybridization to two probes containing sequences on opposite ends of the F41 determinant. The F41 probes consisted of restriction fragments of pDGA9 (1): a 0.7-kb PstI-SmaI fragment (pDGA100) and a 1.2-kb SalI-EcoRI fragment (pSLM206).
Colony blot hybridization. Colony blots were prepared, hybridized, and washed under conditions of high stringency (17, 22) . Southern blot hybridization. The preparation, hybridization, and washing of Southern blots under high stringency were performed as described previously (23, 24, 31) .
Purification of fimbriae. Fimbriae were purified from E. coli HB101(pMJK7) (described in Results) by a modification of the method of de Graaf and Roorda (8) , omitting the deoxycholate treatment.
Production of antisera. Rabbits were immunized with fimbriae purified from HB101(pMJK7). The initial immunization dose consisted of 100 ,ug of protein in phosphatebuffered saline emulsified with an equal volume of complete Freund adjuvant and was injected subcutaneously at multiple sites. The animals were similarly injected at 3-week intervals with 50 ,ug of protein emulsified in incomplete Freund adjuvant. Eleven days following the last injection the rabbits were exsanguinated. Antiserum was diluted 1:10 in phosphate-buffered saline and absorbed with boiled E. coli HB101(pUC18).
Immunoblot procedures. Proteins of overnight cultures of E. coli were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15) and transferred to nitrocellulose filters as previously described (32) . Following transfer, the filters were incubated for 1 h in Tris-buffered saline (TBS; 20 mM Tris base, 500 mM NaCl [pH 7.5]) containing 3% (wt/vol) nonfat dry milk. The filters were then incubated in antiserum diluted 1:100 in TBS-3% nonfat dry milk for 1 h, washed three times in TBS, and incubated for one additional hour in TBS-3% nonfat dry milk containing 125 nCi of 1251I-protein A per ml. The filters were then washed three times in TBS and exposed to X-ray film.
DNA sequence determination and analysis. (9) . Maxicell analysis. Plasmid-encoded proteins were analyzed in maxicells by a modification of the procedure described by Sancar et al. (28) . Cultures of E. coli DH5a harboring plasmids of interest were grown in K broth (27) at 37°C to early exponential phase. Cultures were then exposed to UV radiation from a germicidal lamp. Following irradiation, cycloserine was added to a final concentration of 100 ,ug/ml, and the cultures were incubated for an additional 12 to 14 h. Cells were then harvested and washed three times with Hershey salts (28) and incubated for 1 h in Hershey medium (28) . [35S]methionine was added to a final concentration of 4 ,uCi/ml, and incubation was continued for 1 h.
Cells were then washed once in Hershey salts and lysed in 1% sodium dodecyl sulfate SDS. Labeled polypeptides were separated by electrophoresis on 12.5% polyacrylamide-SDS gels (15) and visualized by autoradiography.
Hemagglutination assay. Bacteria were examined for mannose-resistant hemagglutination (MRHA) against 2% (vol/ vol) suspensions of erythrocytes from humans, sheep, cattle, and guinea pigs as previously described (22) .
Henle 407 and HL cell adherence. In vitro adherence to epithelial cells was assayed by a modification of the method of Clausen and Christie (6) . Chamber slides (Lab-Tek Products, Miles Scientific, Div. Miles Laboratories, Inc., Naperville, Ill.) were seeded with either Henle 407 intestinal epithelial cells (ATCC CCL-6) or HL cells (5) suspended in Eagle minimal essential medium supplemented with 10% fetal calf serum, 100 U of penicillin per ml, and 100 ,ug of streptomycin per ml. Cells were grown at 37°C to a nearly confluent monolayer and washed twice with medium not containing serum or antibiotics. Eagle minimal essential medium supplemented with 1% mannose was then added to each chamber. Bacteria were harvested from L-agar plates into Eagle minimal essential medium containing 1% mannose (approximately 4 x 109 bacteria per ml), and 0.1 ml of the resulting suspension was used to inoculate each monolayer. After a 2-h incubation at 37°C, the medium was removed and the slides were washed vigorously with phosphate-buffered saline to remove nonadherent bacteria. The slides were then fixed in methanol, stained with a Wright-Giemsa stain, and examined under a light microscope.
Electron microscopy. Bacteria were harvested from L-agar plates into distilled water and diluted into an equal volume of 2% (wt/vol) phosphotungstic acid. The resulting bacterial suspension was placed on Formvar-coated copper grids and examined for fimbriae with a JEOL 100B transmission electron microscope.
Nucleotide sequence accession number. The nucleotide sequence of the CS31A fimbrial subunit gene has been registered with GenBank under accession number M59905.
RESULTS
Molecular cloning. A genomic library of DNA from E. coli 424 was constructed by using the plasmid vector pUC18
and transformed into E. coli DH5a. Transformants were screened by colony blot hybridization to two nucleotide probes encoding sequences on opposite ends of the F41 determinant (described in Materials and Methods). Of 850 transformants examined, 2 were identified which hybridized to both F41 probes, suggesting that each possessed a cloned DNA fragment containing the entire region of F41 homology. One such transformant was selected for further study, and its recombinant plasmid was designated pMJK7.
Expression and purification of fimbriae. Electron microscopic examination of E. coli HB101 transformed with pMJK7 demonstrated that the recombinant plasmid encoded expression of fimbriae, visible as long, rigid appendages ( Fig. 1 ). Fimbriae were purified from strain HB101(pMJK7) to further characterize the fimbrial subunit protein encoded by this determinant. Purified fimbriae were resolved by SDS-polyacrylamide gel electrophoresis, and a single polypeptide of approximately 28 kDa was detected by Coomassie blue staining (data not shown).
Subcloning and nucleotide sequence analysis. Southern blot analysis utilizing hybridization probes derived from the F41-encoding plasmid pDGA9 confirmed homology between sequences present on pMJK7 and the F41 determinant. As depicted in Fig. 2 (34) .
The predicted amino acid sequence of the mature peptide, resulting from cleavage of the signal peptide between alanine at position 21 and tryptophan at position 22, was found to be in near perfect agreement with the amino-terminal amino acid sequence of the fimbrial antigen CS31A reported by Girardeau et al. (11) (Fig. 3) . On the basis of the degree of sequence homology (as well as additional lines of evidence discussed below), we suggest that the F41-K88-related determinant contained on pMJK7 encodes expression of the (1) .;., CS31A fimbrial antigen or a closely related variant. Cleavage of the signal peptide between amino acid residues 21 and 22 would result in a mature peptide of 257 amino acids (26,807 Da). The size of the mature subunit protein predicted by nucleotide sequence analysis is in close agreement with the size determined for the purified protein.
Nucleotide sequence homology between the CS31A and F41 subunit genes was observed in the region encoding the signal peptide. No significant homology to the mature F41 subunit was apparent. Comparison of the predicted amino acid sequence of CS31A with the K88 fimbrial subunit revealed regions of homology both in the signal peptide and throughout the mature subunit, with amino-and carboxyterminal sequences showing the highest degree of relatedness (Fig. 4) .
Immunoblot analysis. To further establish that the region of DNA sequenced actually encoded the structural subunit gene, sequences internal to this region were deleted from pMJK7. Plasmid pMJK7 was digested with the restriction endonuclease ClaI to remove a 330-bp fragment of DNA which included the amino-terminal region of the gene and religated to form pMJK7D. Immunoblot analysis using antisera prepared against fimbriae purified from HB1O1(pMJK7) demonstrated a loss of antigen expression by DH5a containing pMJK7D (Fig. 5) , indicating that the deleted sequences are required for expression of the fimbrial subunit protein.
Electron microscopic examination of HB1O1(pMJK7D) failed to detect expression of fimbriae by this strain.
Antisera raised against fimbriae purified from HB101 (pMJK7) recognized a protein of similar size in both wildtype strain 424 and the CS31A reference strain, 31A (Fig. 5,  lanes 3 and 4) , suggesting that the fimbrial antigens expressed by these strains are closely related. Maxicell analysis. As described above, the genetic determinants encoding CS31A, F41, and K88 share extensive DNA homology outside of the regions encoding the fimbrial subunit proteins. In light of this similarity in DNA sequence, we utilized E. coli maxicells to determine if other gene products encoded by the three determinants were similar. The F41 and K88 determinants present on plasmids pDGA9 (1) and pMKO05 (14) , respectively, were cloned into pUC18 to provide a similar background of vector-encoded proteins.
The CS31A determinant present on pMJK7 encoded the expression of four polypeptides of 90, 28, 27 and 15.8 kDa detectable by maxicell analysis (Fig. 6) . A 90-kDa protein was also encoded by both the F41 and K88 determinants. N  FIG. 4 . Alignment of the predicted amino acid sequences of the CS31A, K88ab, K88ac, and K88ad (10) The only other protein also encoded by one of the other determinants was a 28-kDa protein encoded by the K88 determinant. The remainder of the peptides encoded by the F41 and K88 determinants appear to be different from those 1 encoded by CS31A. Both the numbers and sizes of proteins observed for the F41 and K88 determinants are in general agreement with previous reports (1, 26) .
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Adherence to epithelial cells. Previous studies have demonstrated that CS31A differs from the F41 and K88 adhesins in that it does not mediate MRHA (11) . This observation was confirmed in the present study, since the CS31A-expressing clone DH5a(pMJK7) failed to agglutinate erythrocytes of human, sheep, bovine, or guinea pig origin. Agglutination of bovine erythrocytes by wild-type strain 424 was detected, suggesting that this strain may express an additional adhesin. To examine more closely the role of CS31A in adherence, we looked at the ability of E. coli expressing CS31A fimbriae to adhere to epithelial cells in tissue culture. E. coli DH5a and HB101 harboring plasmid pMJK7 were examined for adherence to Henle 407 and HL cells. Assays were conducted in the presence of 1% mannose to eliminate the possibility of adherence due to type 1 fimbriae. Figure 7 shows the pattern of adherence to Henle 407 cells exhibited by DH5a(pMJK7). An identical pattern of adherence was observed with HL cells. E. coli DH5a or HB101 containing the pUC18 vector alone did not adhere, nor did E. coli DH5a harboring pMJK7D. Wild-type strain 424 exhibited adherence to both cell lines used in this assay.
Prevalence of the CS31A determinant among bovine E. coli isolates. A CS31A-specific probe was constructed by using a 300-bp ClaI-PvuII fragment of pMJK7 internal to the CS31A subunit gene. This probe was used to examine by colony blot hybridization a collection of bovine E. coli isolates maintained at the National Animal Disease Center. The CS31A probe hybridized to 71 of 356 (20%) diarrheal isolates, including 17 isolates which also expressed the K99 adhesin. Among isolates from calves with diseases other than diarrhea (including septicemia), 17 of 70 (24%) hybridized to the CS31A probe. No hybridization to F41-or K88-expressing strains was detected. The CS31A-specific probe also hybridized to E. coli 31A. Southern blot analysis of genomic DNA isolated from strains 424 and 31A indicated that the CS31A subunit gene is located on a 1.9-kb PstI restriction fragment in both strains (data not shown).
DISCUSSION In the present study we report the molecular cloning of an F41-K88-related genetic determinant from an isolate of bovine septicemic E. coli. We have established that this determinant mediates expression of fimbriae and have identified the gene encoding the fimbrial subunit protein. Based on nucleotide sequence analysis of the subunit gene, we conclude that this determinant encodes expression of CS31A, a fimbrial antigen associated with bovine septicemic and enterotoxigenic E. coli.
Purification of the CS31A antigen was first described by Girardeau et al. (11) . The apparent molecular weight of the fimbrial subunit protein purified from HB101(pMJK7) is in close agreement with that reported for CS31A, and antisera raised against fimbriae purified from HB101(pMJK7) recognized a protein of similar size in both 424 and 31A. There is a significant discrepancy between the predicted amino acid composition of CS31A reported here and the amino acid composition determined for the CS31A antigen purified from strain XA31A (11). Although we cannot account for this discrepancy, an analogous situation is seen with the F41 adhesin, for which the predicted amino acid composition based on nucleotide sequencing of the subunit gene differs from that determined for the purified F41 subunit protein (1). Nucleotide sequence homology to the CS31A subunit gene was detected in the regions encoding the signal peptides of F41 and K88. Sequence relatedness to the mature K88 subunit was also observed. This is consistent with a previously reported observation of immunological relatedness between CS31A and K88 (11) . Similar findings have been reported for other related adhesin determinants of E. coli. Nucleotide sequence homology in the signal peptide-encoding regions of the F1845 and AFA-1 adhesin subunits has been demonstrated (2), as has a degree of amino acid similarity in the amino-terminal portions of the mature peptides. Conservation of sequence in the amino-terminal region of related subunit proteins suggests that this region of the subunit may interact with other proteins involved in the biogenesis of fimbriae. Divergent sequences in the central portions of CS31A and K88 may encode a region of the subunit involved in receptor recognition. There is evidence that the structural subunit protein of K88 functions as the adhesin which mediates binding to receptor molecules (13) . The domain of the K88 subunit involved in receptor binding has been predicted to be centered around the phenylalanine residue at position 150 of the mature peptide (12) . This region of the K88 subunit shows no apparent homology with CS31A (Fig. 4) . Although it has not been demonstrated that the CS31A subunit also mediates receptor recognition, relatedness between the CS31A and K88 subunits and between their genetic determinants suggests that this may be the case. Differences in the receptor-binding domains of CS31A and K88 would be predicted, as K88 mediates MRHA while CS31A does not, suggesting that they recognize distinct receptor molecules.
Based on genetic homology, CS31A, F41, and K88 appear to be encoded by a group of related genetic determinants, differing in their structural subunit genes but having a related mechanism of adhesin expression. The F1845, AFA-1, and Dr adhesins are also encoded on related genetic determinants, although the fimbrial subunit genes of each are distinct (2, 25, 31a) . Similarly, the pap and prs determinants encoding P fimbriae of uropathogenic E. coli are homologous with the exception of the genes encoding the adhesin proteins (16) . It would thus appear that families of adhesin determinants exist in E. coli. The diversity of subunit genes within each family suggests that a mechanism exists for the development of distinct subunit proteins. The development of diverse fimbrial subunits may benefit E. coli by conferring both antigenic diversity and, in cases in which the structural subunit also functions as the adhesin, the ability to adhere to a variety of host tissues.
Despite the genetic relatedness of the F41 and K88 determinants, the protein products reported to be encoded by these determinants are different (1). We confirmed this observation in the present study. Analysis of the CS31A, F41, and K88 determinants in E. coli maxicells established that although the peptides encoded by each determinant are similar in size and number, each determinant encodes a distinct profile of proteins. It should be noted, however, that it has not been determined whether all the proteins encoded by pMJK7 are in fact encoded by the CS31A determinant.
Although genetic similarities between the determinants suggests an evolutionary relatedness, a divergence in protein products appears to have occurred. We are interested in determining whether the accessory proteins of the three determinants have remained functionally similar and might therefore be interchangeable, allowing for the expression of heterologous subunit proteins.
CS31A does not mediate MRHA, and previous attempts to demonstrate in vitro adherence to intestinal villi by using E. coli K-12 harboring the wild-type CS31A-encoding plasmid were not successful (11) . Our finding that CS31A-expressing E. coli strains adhere to epithelial cells in tissue culture suggests that CS31A does function as an adhesin. The ability of HB101(pMJK7) to adhere to epithelial cells'in'vitro may be related to the overexpression of CS31A fimbriae by the multicopy vector pUC18. Alternatively, epithelial cells in culture may be preferable to isolated intestinal villi for observing adherence. Although wild-type strain 424 also adhered in our assay, this strain may express an additional unknown adhesin, as suggested by its ability to agglutinate bovine erythrocytes.
We have examined the prevalence of CS31A among bovine E. coli isolates by using a CS31A-specific genetic probe. Previous serologic studies have established a similar occurrence of CS31A among bovine E. coli clinical isolates in France, Canada, India, and Japan (7, 30) . It is interesting that CS31A was found to be frequently associated with K99, as has also been observed with F41 (22) . Although an association of CS31A with enterotoxigenic and septicemic isolates has been demonstrated, the role of CS31A as a virulence factor remains to be determined. E. coli 424 is virulent in' a neonatal pig model, causing a rapid and fatal septicemia (4). C'onstruction of a mutant strain of E. coli 424 deficient in CS31A expression is in progress. Such a mutant will be examined for virulence in the neonatal pig model to assess the role of CS31A as a factor in disease.
